The concept of stress transformation using stress elements and differential areas is often a difficult concept to convey to these students. Because of this, they often struggle with relating stress at any angle to a Mohr's circle representation of stress. This paper discusses an interactive example problem used to illustrate Mohr's circle and the concept of stress transformation to engineering technology students. An axially loaded rectangular bar is presented and the normal stress is determined. The bar is then sliced at an angle and the internal reactions parallel and perpendicular to the cut surface are determined. The area of the inclined surface is determined so that the normal and shear stress can be determined for that angle. Pairs of students are then asked to perform the same task for a unique assigned angle ranging from -85 to 85 degrees. The students then enter their solutions into a spreadsheet which plots them as coordinates on a graph displayed on an overhead projector screen. At the end of the exercise, all of the entered coordinates plot Mohr's circle representing the stresses at a typical cross-section. Students clearly relate to what each point on the circle represents which, hopefully leads to a greater understanding of Mohr's circle's role in determining stress transformations.
Introduction
Historically, engineering technology students entering the strength of materials stage of their education find elemental plane stress analysis challenging. At this point in their training, the 3-D visual skills are being developed and the introduction of stress analysis adds to the complexity of their growth. The presented interactive method has the potential to improve their understanding of stress analysis and the use of Mohr's circle. This presentation includes two semester's worth of student data. A population of students were introduced to Mohr's circle techniques with the interactive example and the second population were introduced to Mohr's circle techniques without the example.
Interactive Example Problem Description
The interactive example problem consists of a structural bar axially loaded with a uniform cross section along its length. The bar is rectangular in cross section with sides 25.4 mm tall and 17.5 mm wide. By definition, the average normal stress is determined as follows.
= =
Where P = Internal Axial Reaction A = Cross-Sectional Area Figure 2 shows where the bar is being cut perpendicular to the orientation of the load in order to determine the internal axial reaction force. A free-body diagram is created and the internal axial reaction is found to be 9500 N. The resulting stress is determined by dividing the internal axial reaction by the cross-sectional area of the bar. In this case, the average normal stress is determined to be 21.37 MPa. Students are shown the resulting stress distribution which is shown in Figure 3 . The free-body diagram for the bar cut at an angle is shown in Figure 5 . In this diagram, the internal axial reaction has been resolved into components, which are parallel and normal to the cut. The X' axis is drawn perpendicular to the cut surface and the Y' axis is parallel to the cut forming a right-hand coordinate system. The typical force triangle is shown to illustrate the resolution of the axial reaction force into its component forces. The area of the cut surface is a function of the angle, , and can be computed using trigonometry.
As the angle changes, the cross-sectional area of the cut will change per this general equation:
Cross-sectional Area @ cut = ∅ = .
(∅) * 17.5
For example, a cut angle of 35⁰ results in a cross-sectional area of 542.6 mm 2 .
The force acting perpendicular to the cut results in normal stress acting on the face. Likewise, the force acting parallel to the cut results in shear stress acting on the face. The stresses resulting from the angled cut are defined as average normal stress, σ', and direct average shear stress, τ', in the X'-Y' coordinate system. Figure 6 depicts the average normal stress and direct average shear stress. As the cut angle, , is varied from 0⁰ to 90 ⁰ in 5⁰ increments, the normal stress, σ', and the shear stress, τ', can be calculated. The solution for the cut at each angle represents a point on the circle developed by Christian Otto Mohr in the late 1800's.
At this point in the classroom, the students are separated into teams of two. Each team is assigned a specific angle, in increments of 5⁰. The teams calculate their respective cross-sectional area, normal stress, and shear stress. The answers are added to a spreadsheet where the points can be plotted and projected to a classroom screen.
Also at this time, the students are introduced to two possible sign conventions in constructing Mohr's circle. Firstly, and for both sign conventions, the positive normal stresses are plotted to the right. On the other hand, shear stress plotting can have different sign conventions. One option is to plot shear stresses tending to rotate a stress element clockwise upwards on the shear stress axis [1] . The other sign convention for shear stress plotting is upwards on the shear stress axis when it acts in the negative Y' direction [2] . Both sign conventions are acceptable. Figure 7 shows the plot of normal vs. shear stresses. This process is then completed for the compliment of angles resulting in a complete 360⁰ circle. Figure 8 shows the same axially loaded bar with the cut angle, , on the other side of the perpendicular cut.
You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com) With this model, the second half of Otto Mohr's circle can be plotted as shown in Figure 11 . The second half of Mohr's circle uses positive shear stresses. Per the sign convention, these shear stresses are plotted downward on the τ axis of Mohr's circle.
You created this PDF from an application that is not licensed to print to novaPDF printer (http://www.novapdf.com) During a traditional 15-week long semester, a sophomore level Strength of Materials class meets for 50 minutes three times per week. To verify the effectiveness of this teaching approach, a total of 116 students were asked to participate in the activity over two semesters. The 2015 spring semester consisted of two groups with 49 total students and the fall semester of 2015 also had two groups with 67 total students. Table 1 below shows the participating student population. 
Evaluation of Method
In order to evaluate the effectiveness of the interactive example, there were 2 approaches used in presenting Mohr's circle. The first approach uses the interactive example after discussing the theory of stress transformation. The second approach presents the theory of stress transformation and Mohr's circle without the use of the interactive example. Table 3 below summarizes the two approaches over the span of three (3) 50-minute classes. After the three class periods, a 15 question multiple choice quiz (Appendix I) was administered. The student's level of understanding was determined based upon quiz grades.
Interactive Example Verification Results
Figure 13 below shows the overall average and median quiz scores for students exposed to the interactive example and those not exposed to the interactive example.
Figure 13: Stress Transformation and Mohr's Circle Quiz Scores
Using the total student population of 116 students, a quiz score histogram can be constructed. Figure 14 below depicts the total population quiz scores in histogram format.
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Figure 14: Total Student Population Quiz Scores
Overall, the average and median scores are lower than expected. However, the distribution shape is reasonable. Figure 15 below shows a similar type histogram result for the students exposed to the interactive example problem.
Figure 15: Student Quiz Scores exposed to Interactive Example Problem
The quiz grade average of 70% is a slight increase while the median remained at 67%. On the other hand, the histogram of quiz grades for students not exposed to the interactive example is also plotted below in Figure 16 . With the addition of standard deviation, confidence in the improved quiz scores is decreased. Both average and one mean scores are within one standard deviation.
Conclusions
Having used the interactive example in classes over two semesters, the following conclusions are presented.  The average and mean quiz scores were 3% higher for students involved with the interactive students when compared with students who did not participate. This value is lower than expected and it suggests that the interactive example is not effective.  Anecdotal evidence obtained through regular conversations with students suggests that there is better understanding among those who participated. In retrospect, the authors are not convinced that the quiz used in the evaluation process actually measures student understanding. The quiz will be reconsidered and will likely be modified to measure future trials more accurately.  Engineering technology students are generally very eager to participate in hands-on activities and this one is no exception. This example will continue to be used since the students have fun with it and it is at least as good as conveying the material as a direct lecture.
Discussion of the Assessment Quiz
The assessment quiz, which is included in Appendix A, consists of 15 multiple-choice questions, mostly related to the rules of stress transformation and Mohr's circle. It is lacking in questions that directly ask about stress transformations and how the stresses relate to points on the representative Mohr's circle.
Better results may be obtained by having students answer questions about stress elements and Mohr's circle related to different plane stress situations. Some initial thoughts on more appropriate questions would include:
 Given an initial stress element for a point on a part and Mohr's circle describing the stresses at that point; the student would indicate which point on Mohr's circle provides the stresses on the face of a cut through the point. Figure 18 illustrates this concept.  Given an initial stress element for a point on a part and Mohr's circle describing the stresses at that point; the student would indicate what the proper orientation for the principle stress element. Figure 19 illustrates this concept.
Using "application" type questions as shown above, the quiz may more clearly assess the students understanding of elemental plane stress and the use of Mohr's circle. For the upcoming semester, a revised quiz will be implemented and comparison analysis will be conducted for groups exposed/not exposed to the interactive example. 
